We demonstrate chip-based Tbaud optical signal processing for all-optical performance monitoring, switching and demultiplexing based on the instantaneous Kerr nonlinearity in a dispersion-engineered As 2 S 3 planar waveguide. At the Tbaud transmitter, we use a THz bandwidth radiofrequency spectrum analyzer to perform all-optical performance monitoring and to optimize the optical time division multiplexing stages as well as mitigate impairments, for example, dispersion. At the Tbaud receiver, we demonstrate error-free demultiplexing of a 1.28 Tbit/s single wavelength, return-to-zero signal to 10 Gbit/s via four-wave mixing with negligible system penalty (< 0.5 dB). Excellent performance, including high fourwave mixing conversion efficiency and no indication of an error-floor, was achieved. Our results establish the feasibility of Tbaud signal processing using compact nonlinear planar waveguides for Tbit/s Ethernet applications.
Introduction
The growing demand for higher bandwidths is a major motivation behind the push to increase the per-channel transmission rate of optical systems. Recently, attention has focused on establishing the feasibility of Tbaud transmission for Tbit/s network applications [1, 2] . Optical time division multiplexing (OTDM) allows Tbaud symbol rates which can be combined with advanced modulation formats to achieve unprecedented capacity per-channel with efficient bandwidth utilization [3] . Successful Tbaud transmission requires three crucial building blocks: high-quality signal generation via OTDM; effective impairment monitoring and mitigation within the network; and efficient demultiplexing at the receiver end. In low symbol rate systems these functions are provided in the electrical domain by digital signal processing chip-sets. However, at Tbaud symbol rates all-optical approaches are the only solution due to the limitations imposed by the electronic bandwidth.
Single-channel Tbit/s transmission rates can be achieved by either increasing the symbol rate (baud-rate) of the channel or by using advanced (coherent) modulation formats, such as differential quadrature phase shift keying (DQPSK); m-aray phase shift keying (m-PSK); or m-aray quadrature amplitude shift keying (m-QAM) [4] . For maximum spectral efficiency and, thus, the highest data rate, it is best to combine the maximum possible symbol (baud) rate with the most efficient advanced modulation format. The first demonstration of a singlechannel 1.28 Tbit/s transmission was in 2000 [5] . To achieve this bit rate Nakazawa and colleagues used polarization multiplexing of 640 Gbit/s on-off keying (OOK) transmission [6] . More recently, Weber et al. demonstrated 2.56 Tbit/s by taking advantage of the 2 bits per symbol of the DQPSK modulation format also in combination with polarization multiplexing [7] . Note that these experiments were based on 640 Gbaud symbol rate. The current record single-channel transmission rate is 5.1 Tbit/s and was achieved by both Schmidt-Langhorst et al. [8] and Mulvad et al. [3] . While Schmidt-Langhorst et al. exploited a multilevel modulation format (16-QAM, 4 bits per symbol) [8] and polarization multiplexing with 640 Gbaud symbol rate to achieve this high data-rate, Mulvad et al. demonstrated a breakthrough 1.28 Tbaud symbol rate which was encoded using the DQPSK modulation format and polarization multiplexed to reach 5.1 Tbit/s [3] .
Apart from the difficulties in producing a Tbit/s signal, this high bit-rate poses significant challenges for signal processing and optical performance monitoring. Due to the bandwidth limitation (< 100 GHz) of conventional electronic switches, novel, all-optical techniques that overcome this limitation have been widely researched. Although highly nonlinear fiber [9] [10] [11] [12] [13] or fiber photonic wires [14, 15] have had considerable success as a platform for all-optical processing, a compact and monolithic, integrated solution that can incorporate multiple functionalities is advantageous. In particular, solutions based on highly nonlinear structures promise to deliver all-optical signal processing in compact integrated circuits. Amongst these semiconductor optical amplifiers [16, 17] offer enormous nonlinearities but suffer from freecarrier dynamics at high bit-rates which translates into a significant system penalty. Periodically poled LiNbO 3 [18] has been exploited in numerous high-bit rates experiments but requires temperature control and quasi-phase matching which is not always compatible with ultrafast processing. Chalcogenide (ChG) planar waveguides, on the other hand, do not suffer free-carrier absorption, are stable at room temperature and have a broad operating bandwidth [19] due to dispersion engineering. They are an ideal platform for Tbit/s bit-rate systems, because of their high nonlinear response γ, enabling very compact devices [20] [21] [22] .
In this paper, we propose a scheme that uses photonic chips to perform all-optical signal processing at the nodes of a Tbit/s network [23] . We implemented this scheme demonstrating all-optical signal monitoring and optimization at the transmitter and ultra-fast switching at the receiver using a highly nonlinear dispersion-engineered planar ChG waveguide. The 1.28 Tbaud transmitter was implemented using OTDM and we performed optical performance monitoring (OPM) [24, 25] to measure and (via feedback) optimize dispersion and mitigate impairments introduced by the misalignment of the OTDM multiplexing (MUX) stages. The photonic chip OPM offers many advantages, including high sensitivity, multi-impairment monitoring, and > 2.5 THz operating bandwidth [19, 20] . At the Tbaud receiver, we demonstrated error-free demultiplexing of a 1.28 Tbit/s single wavelength, OOK signal to 10 Gbit/s via four-wave mixing (FWM) with a low system penalty of < 0.5 dB. Excellent performance, including high FWM conversion efficiency and no indication of an error-floor, was achieved. This shows the great potential of these compact nonlinear ChG waveguides for Tbaud signal processing.
Tbaud optical system and planar waveguide characteristics
The working principle of the Tbaud transmitter and receiver system is shown in Fig. 1 . At the transmitter a pulse train with sufficiently short pulses is encoded with data using a Mach-Zehnder (MZ) modulator before being multiplexed up to 1.28 Tbit/s in a seven-stage MUX. This high bit-rate OTDM signal is very sensitive to impairments such as dispersion, jitter and noise as well as environmental factors, e.g. temperature, which would lead to a misalignment of the MUX and may degrade the signal quality. The OPM was therefore used to continuously monitor the quality of the output signal from the transmitter. We fed the OPM features back to the MUX stages to optimize the signal and continuously mitigate signal impairments introduced by drift in the MUX. At the OTDM receiver, the high bit-rate signal was demultiplexed to the base rate and detected by a photodiode. The working principle of the OPM is shown in Fig. 1(b) . When a signal under test (SUT) is co-propagated with a continuous wave (cw) probe laser, new frequencies will be generated around the probe due to cross phase modulation (XPM) [26] in the ChG waveguide. It can be shown that the optical spectrum of the probe modulated by XPM is equivalent to the power spectrum, or radio-frequency (RF) spectrum of the SUT [20, 27] . Based on the Weiner-Khintchine theorem, the autocorrelation (AC) waveform of the SUT is obtained by performing a numerical inverse Fourier transform (IFT) of the captured RF spectrum [19] . By exploiting the distinguishing features of the RF spectra and AC traces, impairments may effectively be monitored.
At the receiver end, the high bit-rate signal was demultiplexed to the base rate for detection with conventional electronics. The principle of this all-optical demultiplexer is shown in Fig. 1(c) . The high bit-rate signal was co-propagated with pump control pulses operating at the base rate. By changing the delay between pump and signal we adjusted the pump pulses to coincide with any desired channel of the high bit-rate signal. Due to FWM inside the ChG waveguide the chosen signal channel was converted to a new idler wavelength [26] and then extracted from the output via spectral filtering.
The key device in these monitoring and demultiplexing experiments is a 7 cm long dispersion engineered As 2 S 3 planar waveguide whose micrograph image and characteristics are shown in Fig. 2 . Details of the fabrication of this As 2 S 3 planar waveguide have been described in [28, 29] . In order to offset the large material dispersion of about -370 ps/nm/km, the As 2 S 3 film thickness was reduced to ~0.85 µm resulting in a combined waveguide and material dispersion of ~29 ps/nm/km for the transverse-magnetic (TM) mode at 1550 nm [ Fig. 2(c) ]. The nonlinear coefficient γ of this waveguide at a wavelength of 1550 nm was therefore enhanced up to ~9900 /W/km. The optical micrograph and the numerical intensity mode profile of the TM mode are shown in Fig. 2 (a) and 2(b). This short and low dispersion waveguide offers very low walk-off, thus enabling high measurement accuracy and excellent FWM conversion efficiency. 
Experimental setup
The experimental setup is shown in Fig. 3 . Both 1.28 Tbit/s and 10 GHz pump pulses were generated from a 10 GHz erbium glass oscillator (ERGO) laser followed by a two-stage nonlinear pulse compression. In the first stage, the output from the ERGO laser was spectrally broadened by self-phase modulation (SPM) in a dispersion-flattened highly nonlinear fiber (HNLF) (length L = 400 m, dispersion D = −0.45 ps/nm/km, slope S = 0.006 ps/nm 2 /km, and γ = 10.5 /W/km at 1550 nm). The signal and pump pulses were then generated by spectral filters at 1550 nm and 1573 nm respectively and compressed inside two different lengths of SMF fiber. This compression process was repeated in the second stage with 100 m (signal) and 200 m (pump) HNLF (D = −1.07 ps/nm/km, S = 0.004 ps/nm 2 /km, and γ = 10.5 /W/km). The compressed 10 GHz pulse train centered at 1550 nm was then encoded with data using a MZ modulator and interleaved by a seven-stage multiplexing setup with 2 7 -1 bit delay length to produce the 1.28 Tbit/s signal. The 1.28 Tbit/s signal was tapped to allow its RF spectrum to be monitored using the XPM-based RF spectrum analyzer whose setup is shown in Fig. 3(b) . The monitoring features were fed back to the MUX stages for signal optimization and impairment mitigation. Finally, Fig. 3(c) shows the experimental setup for demultiplexing the high bit-rate signal to the base rate for detection at the receiver end. The 1.28 Tbit/s signal (P ave ~100 mW) and 10 GHz control pulses (P ave ~60 mW) were coupled to the TM mode of a waveguide via lensed fibers with a 2.5 μm mode field diameter to take advantage of broadband operation of this mode. The total insertion loss of the chip was ~13 dB, comprising of ~5 dB free-space coupling loss per facet. Thus the total average power within the waveguide was estimated to be ~50 mW. 
Experimental results
At the transmitter, OPM features captured from the XPM based RF spectrum analyzer were exploited for Tbit/s signal optimization and maintenance. Firstly, the strong sub-harmonic at 640 GHz on the RF spectrum in Fig. 4(a) reveals misalignment of the MUX stages while the low 1.28 THz optical tone of the RF spectrum in Fig. 4(b) indicating signal distortion due to dispersion. These monitoring features were fed back to optimize the transmitter system to mitigate the impairments. The 640 GHz sub-harmonic tone was suppressed by optimizing the time delay and amplitude of the input data streams in the multiplexing stages and dispersion was compensated manually by adding dispersion compensating and standard single mode fibers. Figure 4 (c) demonstrates the RF spectrum of an optimized 1.28 Tbit/s output signal, where the 640 GHz clock tone was eliminated and dispersion was minimized, indicated by the maximum power of the 1.28 THz tone. Note that the ripples on the RF spectrum are due to the broad width of the data signal pulses, which led to interference between adjacent pulses. To confirm the accuracy of the measured RF spectra we compared the autocorrelation generated from the inverse Fourier transform of the RF spectrum to that from a second-harmonic generation (SHG) autocorrelator for both the un-optimized and optimized 1.28 Tbit/s signal [ Fig. 4 (d) and 4(e)]. The reconstructed waveforms show good agreement with the traces from the SHG autocorrelator, highlighting the accuracy of the RF spectral measurement. At the receiver, the high bit-rate OTDM signal was demultiplexed to the base rate via FWM inside the ChG chip. To characterize the FWM performance of this ChG waveguide, the control pulses were co-propagated with a tunable CW probe, whose wavelength was varied from 1530 nm to 1557 nm as shown in Fig. 5(a) . Near uniform FWM conversion efficiency was obtained over 12 nm, whilst the 3 dB bandwidth of the gain envelop extended over 18 nm, highlighting the broadband phase-matching achieved by the dispersionengineered waveguide.
The input AC waveform and eye diagram of the 1.28 Tbit/s signal is shown in Fig. 5(b) and 5(c) respectively (the AC graph also includes the AC of the 10 GHz control pulses for comparison). The full-width at half maximum of the 1.28 Tbit/s and the 10 GHz control pulses was ~370 fs and ~450 fs, respectively. Note, although the width of the pump pulses was slightly broader than the signal width, they only overlap with one data channel at a time. Figure 6(a) shows the optical spectra of the 1.28 Tbit/s source signal and 10 GHz control pulses at the input and output of the waveguide. The FWM conversion efficiency of the 10 Gbit/s demultiplexed (demuxed) channel was calculated to be ~60% by integrating the powers of the optical spectra for the 1.28 Tbit/s input signal and output idler (taking the 128 times difference in bit-rate into account). Figure 6(b) shows the results of modeling the optical spectrum at the output of the waveguide using the split-step Fourier method [26] which predicts a FWM conversion efficiency of ~69% (with the same experimental parameters for waveguide, signal and control pulses without noise and polarization effects), in good agreement with the experimental result. The high quality of the idler signal generated by FWM is illustrated by the eye diagrams and BER measurements shown in Fig. 7(a) . In this experiment, the 10 Gbit/s demultiplexed signal was located in the L-band. For a fair comparison, we therefore used a back-to-back (B2B) data signal at 10 Gbit/s, that had been converted to L-band. The eye diagram of the demultiplexed signal shows a clear opening with only marginally more noise than the B2B signal. The power penalty compared to the B2B signal was negligible at a BER of 10 −9 (errorfree level) as is illustrated in Fig. 7(a) for three adjacent channels of the 1.28 Tbit/s signal. These results demonstrate the excellent performance when demultiplexing a 1.28 Tbit/s data stream exhibiting negligible degradation of signal quality and without any indication of an error-floor in BER measurements. Note that ~5 dB power penalty between the demultiplexed channels and B2B C-band measurement was due to different performance of C-and L-band receivers. Finally, the received powers for 35 of the remaining channels at the error-free level were measured and are shown in Fig. 7(b 
Discussion
Two crucial parameters for high bit-rate all-optical performance monitoring and demultiplexing are the pump-to-signal walk-off and the efficiency of the FWM process. Previous experiments have shown that the bandwidth of the ChG waveguide is greater than 2.5 THz [19] . It is therefore an ideal platform for OPM of Tbit/s signals. The FWM conversion efficiency is critical for the demultiplexing performance at the receiver and it is therefore important, to find the optimal value by balancing key parameters, including waveguide length, and pump power. We define the FWM conversion efficiency as the ratio between the generated idler and the input power of the signal. It can thus be written as [30] ( ) 
where P 0 is the peak power of the pump, α is the propagation loss and η the FWM coefficient defined as [30] 
with the phase-matching
here λ is the pump wavelength and Δf is the frequency difference between the signal and pump pulses. Figure 8 (a) shows the calculated FWM conversion efficiency as a function of waveguide length (using P 0 = 3 W and α = 0.5 dB/cm) which predicts a value of 77% for our 7-cm waveguide agreeing well with our numerical and experimental results. Although longer waveguides are available, including 14 and 21 cm, they offer lower conversion efficiency of only ~60% and ~25%, respectively due to both higher insertion loss and dispersion. Figure 8(b) shows the FWM conversion efficiency as a function of signal wavelength and peak power of the pump (with L = 7 cm and λ pump = 1573 nm). This graph indicates the optimal signal wavelength with the corresponding pump power in order to achieve the highest FWM conversion efficiency. It can be seen that our experiment was well optimized for the available pump power of P 0 ~3 W. Note that a further increase in FWM conversion efficiency is possible by increasing the peak power. However, this not only exceeds the power handling of the chip but also spectrally broadens the pump pulses due to SPM, leading to spectral overlap between signal and pump. The current FWM conversion efficiency and performance of the device can be further improved by increasing the nonlinear coefficient γ and, most importantly, reducing loss of the waveguide. The waveguide nonlinearity can be improved with higher third order optical nonlinearity n 2 [31] . Free-space coupling loss, which is the main contribution to the total insertion loss of a waveguide, can be significantly reduced by exploiting the use of more efficient coupling techniques [32] [33] [34] .
Conclusion
We have demonstrated, for the first time, a scheme for Tbit/s networks involving transmitter optimization and receiver-end demultiplexing via Tbaud all-optical signal processing on a compact photonic chip. The quality of the 1.28 Tbit/s OTDM signal at the transmitter was effectively monitored using a photonic chip based RF spectrum analyzer and used for impairment mitigation. At the receiver, the Tbit/s signal was successfully and all-optically demultiplexed using FWM and error-free performance was achieved with a very low power penalty (< 0.5 dB). Both Tbaud transmitter monitoring and receiver demultiplexing have been performed in a highly nonlinear, dispersion-shifted ChG planar waveguide. The proposed scheme could easily be extended to include multi-impairment monitoring and mitigation at intermediate nodes of a network.
